Abstract In August 2013 drilling triggered the eruption of mud near the international airport of Fiumicino (Rome, Italy). We monitored the evolution of the eruption and collected samples for laboratory characterization of physicochemical and rheological properties. Over time, muds show a progressive dilution with water; the rheology is typical of pseudoplastic fluids, with a small yield stress that decreases as mud density decreases. The eruption, while not naturally triggered, shares several similarities with natural mud volcanoes, including mud componentry, grain-size distribution, gas discharge, and mud rheology. We use the size of large ballistic fragments ejected from the vent along with mud rheology to compute a minimum ascent velocity of the mud. Computed values are consistent with in situ measurements of gas phase velocities, confirming that the stratigraphic record of mud eruptions can be quantitatively used to infer eruption history and ascent rates and hence to assess (or reassess) mud eruption hazards.
Introduction
Mud "volcanoes" are intriguing features that erupt mixtures of water, solids, and gas [Kopf, 2002] . They range in size from meter-size cones to edifices a few hundred meters high that extend laterally a few kilometers. They are common at convergent margins where compressive stresses generate overpressurized fluids at depth and more generally occur in subaerial and submarine settings where gases and overpressure can drive fluids to the surface [Dimitrov, 2002; Bonini, 2012] . Mud volcanoes are usually characterized by prolonged periods of low emission or quiescence, punctuated by impulsive eruptions. Paroxysmal activity in response to local and regional earthquakes has been often observed for both small and large mud volcanoes [e.g., Chigira and Tanaka, 1997; Mellors et al., 2007; Bonini, 2009 Bonini, , 2012 Manga and Brodsky, 2006; Manga et al., 2009; Rudolph and Manga, 2010; Manga and Bonini, 2012] . In other cases, discharge variations are not obviously predictable. Thus, even though mud volcanoes are mostly considered harmless tourist attractions, their hazard should be evaluated, in particular in those localities where sudden eruptions have caused fatalities, e.g., the 27 September 2014 eruption of the Maccalube di Aragona mud volcano, Sicily, Italy (https://ingvterremoti.wordpress.com/2014/09/27/). Assessing hazard requires understanding of the evolution of eruptions and their triggering mechanisms.
Here we report and interpret field and laboratory measurements from a small mud eruption that began in August 2013, close to the Fiumicino International Airport of Rome, Italy. The eruption was triggered by drilling two boreholes in June 2013 that mobilized mainly CO 2 gas trapped at shallow depths. The complete documentation of this eruption from its beginning to end (December 2013) , together with the detailed stratigraphy and geometry of the conduit, allows us to reconstruct the evolution of mass transport to the surface. We use large ballistic clasts (greater than tens of centimeters) to derive minimum ascent speeds of mud, which can then be compared to those of the gas phase measured in situ by Carapezza et al. [2015] . Even though the Fiumicino mud volcano (FMV) is not natural, its features (mud components, grain-size distribution, and gas flow rates) are similar to those of natural active mud volcanoes and our results may contribute to the general understanding of mud eruptions.
Geological Setting and Chronology of Fiumicino Event
The gas and mud eruptions started on 24 August 2013, in the middle of a roundabout (Figure 1 ). The area is part of the Tiber river delta and lies in one of the most active geothermal systems of Europe, associated with Quaternary, quiescent caldera systems [Giordano et al., 2014] [ Chiodini and Frondini, 2001; Carapezza et al., 2010] creates oversaturated and overpressurized reservoirs at various crustal depths, up to very shallow levels [Todesco and Giordano, 2010] . Episodes of gas and mud eruptions in the Roman area are not uncommon and in recent times are mostly associated with shallow drilling crosscutting impermeable layers that cap pressurized reservoirs [Carapezza et al., 2003 [Carapezza et al., , 2015 Barberi et al., 2007; Carapezza and Tarchini, 2007; Ciotoli et al., 2013; Bigi et al., 2014; Sella et al., 2014] . The Fiumicino event was also triggered by the drilling of two boreholes which crosscut a sequence of Holocene fluvial sands and unconsolidated clays before entering, at À40 m, a CO 2 -pressurized aquifer hosted by fluvial conglomerates [Carapezza et al., 2015] ( Figure S1 in the supporting information). The eruption started on 24 August, from one of the two boreholes, and was mostly gas accompanied by moderate "spattering" of sand mixed with mud. The initial eruption built a small "hornito," 50 cm high and less than 1 m across. The gas erupted was mostly CO 2 , with minor presence of CH 4 and H 2 S, which rapidly declined, so that CO 2 eventually dominated the volatile phase [Carapezza et al., 2015] .
The first 6 days of the eruption were the most variable: (i) progressive increase of gas flux up to 20 t/d; (ii) a rise of the water table from a depth of À3 m to the surface; (iii) dilution of the erupted mixture, becoming more and more "muddy" with time; (iv) enlargement of the crater which changed from the initial 30 cm diameter to more than 2 m; (v) change in eruption style according to the progressive dilution of the erupted mixture, from the initial spattering to a pulsatory mud fountain of approximately 0.5 m height on average, reaching more than 1 m height during the more intense pulses; and (vi) progressive building of a mud-shield volcano, which reached a diameter of more than 20 m and threatened the viability of the roundabout so that trenches had to be dug to drain the mud. No thermal anomalies were detected. Fortunately, the roundabout is located far from housing and isolating the area prevented serious accidents, although several animals were found dead, suffocated by the high CO 2 concentrations in the area surrounding the eruption site.
On 9 September, the second borehole started to erupt a diluted mud similar to that erupted at the first crater, perhaps owing to lateral expansion of mobilized mud [Rudolph et al., 2011; Shirzaei et al., 2015] , although there is no evidence to support this hypothesis. The total gas flux remained almost the same but was 
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partitioned between the two craters. A smaller mud volcano started to form at the second borehole and soon coalesced with the first, creating mud shield 20 m in diameter and 1 m in height at each borehole. On 14 October, the first crater ceased its activity, and the gas flux increased at the second crater, with overall values remaining below 8 t/d, almost half of the previous fluxes. At the same time, the diffuse CO 2 degassing from the ground in the surrounding area increased [Carapezza et al., 2015] . The two boreholes were finally closed in December 2013 after long and expensive redrilling and cementation. During the redrilling it was possible to observe that the first crater had a box shape, with a maximum 3 m depth.
Methods
Eight samples of 5-10 L were collected directly from the active vent on different days spanning the duration major activity. Physicochemical characteristics of the mud were determined followed by rheological measurements. Bulk density ( ρ b ) of the mud was determined by helium pycnometry on sample aliquots. Water content and solid fraction were calculated from measurements of weight before and after drying in an oven. Electrical conductivity and pH of the aqueous solution were determined using a multiparametric probe. Mineralogy was determined through X-ray diffraction on sample powders. Size distribution of particles was measured by laser diffraction using a Mastersizer 2000 Particle Size Analyzer that measures the size range between 0.02 and 2000 μm. Sodium hexametaphosphate was added to deflocculate clay. Several outsized ballistic clasts were sampled during the initial stages of activity. They were characterized by measuring their size (caliper) and density (helium pycnometry).
Rheological measurements were performed on the mud using an Anton Paar RheolabQC concentric cylinder viscometer. About 20 mL of mud was loaded into a graphite cylindrical crucible (63 mm in height, 25 mm inner diameter). The stirring spindle (also graphite) had a cylindrical cross section (18 mm diameter) with 45°conical ends to reduce end effects. Temperature was held fixed at 20°C for all measurements, close to the mud temperature during FMV activity. Measurements were conducted by applying a steady rotation rate (and hence shear strain rate _ γ ) and measuring the shear stress τ. Shear strain rate _ γ was increased stepwise between 4 s À1 and 100 s À1 . Each measurement lasted 120 s, to avoid possible time-dependent settling of mud suspensions. For the same reason, samples were manually homogenized between two consecutive measurements. The absence of a viscosity variation with time indicates that little to no settling occurred at the experimental time scale. Figure 2 shows the properties of Fiumicino muds (data are listed in Table S1 in the supporting information). The progressive dilution with time observed in the field is recorded by a decrease in bulk density from 1.40 g/cm Figure 2c . Distributions are unimodal throughout the sample set, with a modal particle diameter ranging between 10 and 30 μm with no appreciable variation over time. The mineralogical assemblage of the solid fraction is quartz, calcite, and plagioclase (sand fraction) and mica, chlorite, kaolinite, and minor smectite-illite mixed layer (clay fraction). There is no variation over the course of the eruption. Physicochemical parameters of the fluids (Figure 2d ) indicate no significant variation over time, with pH ranging from 6.6 to 6.8, and conductivity in the range of 52 to 55 mS/cm, close to typical seawater values. Ballistic clasts erupted during the initial activity ( Figure 1b and Figure S2 ) are mostly brick fragments and derive from the upper 3 m of stratigraphy made of anthropogenic backfill. They reach more than 10 cm length and have density ranging between 2.3 and 2.7 g/cm 3 .
Results
Erupted Material Characterization
Rheology Measurements
Rheological measurements were performed on two end-members during the sampling period. In particular, we selected the highest-density mud FC08 sampled at the beginning of the event on 30 August and the lowest-density mud FC16 sampled on 19 September. Figure 3a shows the relationship between shear stress and shear strain rates (data are listed in Table S2 ). The flow curves describe a trend characteristic of
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In Figure 3b the same data are plotted as apparent viscosity (η app ¼ τ=_ γ) as a function of applied strain rate. For both samples, the apparent viscosity decreases continuously with increasing strain rate. For sample FC08, η app decreases from 0.973 to 0.088 Pa s with increasing shear strain rates from 4 to 84 s
À1
, while for FC16 it decreases from 0.060 to 0.015 Pa s with increasing shear strain rates from 8 to 100 s À1 .
Discussion
Fitting of Experimental Data
The rheology of mud is commonly described with a Herschel-Bulkley model [Herschel and Bulkley, 1926] : Table S1 ). The red lines indicate the beginning of activity at the first and second vents; the gray areas highlight the samples selected for rheology measurements.
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where τ y is the yield stress (minimum stress needed to flow); K is the consistency; and n is the flow index which describes the degree of non-Newtonian behavior, being n < 1 for shear-thinning fluids. Even if this model oversimplifies mud rheology, as it neglects aging and microstructural evolution during deformation [Manga and Bonini, 2012] , it is widely accepted as a reasonable and simple approximation of mud rheology [e.g., Coussot and Piau, 1994] . Results of data fitting are summarized in Figure 3a .
The fit is good for sample FC08 (R 2 = 0.98) and less so for sample FC16
(R 2 = 0.65). Measurements on FC16 may be affected by larger errors due to the low viscosity of this mud, near the instrumental limit for the selected concentric cylinder geometry (0.01 Pa s). However, the effect of dilution is clearly observable in terms of a decrease in viscosity (Figure 3b ), which translates in a decrease of the consistency K from 0.84 Pa s n (FC08) to 0.48 Pa s n (FC16). At the same time the yield stress, small in FC08 (2.5 Pa), nearly disappears in FC16. Both samples have a flow index n < 1, indicative of shear-thinning behavior.
Comparison With Published Data
Our measurements describe a relationship between viscosity and shear strain rate similar to those found in previous studies on mud rheology (Figure 3 ). Flow index n obtained for Fiumicino muds are within the range of values found for debris flow and lahar mudflows, 0.22 < n < 0.48 [Coussot and Piau, 1994; Bisantino et al., 2010] and for mud volcanoes, 0.17 < n < 0.71 [Tran et al., 2015] , indicating a similar degree of shear-thinning behavior (decrease of viscosity with increasing shear rate) (Figure 3b ). However, Fiumicino mud exhibits lower yield stress and consistency values. It is well known that yield stress and consistency are strongly controlled by mud solid concentration [e.g., Coussot and Piau, 1994; Kaitna et al., 2007] (Figure 3c ). 
Geophysical Research Letters
10.1002/2015GL064571
for mud volcanoes in the Salton Sea containing 60-67 wt % of solid fraction. The yield stress we find is in agreement with that expected for natural mudflows with similar particle concentrations [O'Brien and Julien, 1988] . Our yield stress data are comparable with those measured by Manga and Bonini [2012] (3.7-7.9 Pa) for mud volcanoes in the Apennines, characterized by a solid volume fraction Φ v = 0.18-0.21 similar to that of our high-density sample (FC08, Φ v = 0.22). Slight differences may be due to rheology change with pH or electrolyte concentration, as well as shear strain rate range and temperature at which measurements were performed [e.g., Coussot and Piau, 1994] .
Mud Ascent Velocity
In order to estimate the mud ascent velocity, we follow the approach proposed by Manga and Bonini [2012] , based on relating the size of erupted outsized clasts to rheological properties of the mud that allow these clasts to be transported to the surface. If we treat the mud as a Herschel-Bulkley fluid, we can calculate the maximum size of particles whose weight can be supported by the yield strength of the mud and the speed at which larger clasts will settle through the mud. The observation in the field of large fragments (Figure 1b) implies an ascent velocity higher than their settling velocity.
In a Herschel-Bulkley fluid, the motion of particles is characterized by three dimensionless parameters:
1. Reynolds number (ratio of inertial to viscous forces)
2. Bingham number (ratio of yield to viscous stresses)
3. Yield number (ratio of yield to buoyancy stresses)
where U is the particle velocity, d is the particle diameter, g is the gravitational acceleration, ρ b is the bulk density, and ρ s is the clast density.
The yield number Y can be used to determine when clasts are able to move relative to mud owing to their buoyancy. Above a critical threshold (Y c = 0.145 [Beris et al., 1985; Tabuteau et al., 2007] ) there is no motion of a spherical particle in a Herschel-Bulkley fluid, because the particle is held in place by the yield stress. For the FC08 sample, using a density difference of ( ρ s À ρ b ) = 1.334 g/cm 3 , a yield stress of τ y = 2.50 Pa, the critical value Y c is reached for particle diameter of d c = 4 mm. All particles with diameter smaller than d c will be held in place in the mud and advected by the mud, while particles with diameter larger than d c will move with respect to the mud. This means that small particles (d < 4 mm) can be carried to the surface for all ascent speeds of the mud, while larger particles (d > 4 mm) will require a minimum ascent speed of the mud to overcome their settling speed relative to the mud.
The settling speed of larger particles (d > 4 mm) can be obtained from drag empiricisms [Manga and Bonini, 2012] :
where C D (Re, Bi) is the drag coefficient obtained from empirical relationships for spheres: 
In the first equation (Re < 20), the numerical constant in front of Bi is 0.823 [Beaulne and Mitsoulis, 1997; Tabuteau et al., 2007; Tran et al., 2015] and the value of X for n = 0.40 is 1.442 [Dazhi and Tanner, 1985] .
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Assuming that the vertical ascent velocity must exceed the settling speed to bring clasts of a given size to the surface, 10 cm clasts such as those found in the field require ascent speeds greater than 1 m s À1 .
We can compare the mud ascent velocity with gas exit velocity measured in situ by Carapezza et al. [2015] during the initial stages of activity (30 August) to its waning stage (25 October). These authors measured a continuous velocity decrease from about 12 m s À1 (30 August) to 2 m s À1 (25 October). Our high-density mud sample FC08 was collected on 30 August; therefore, it was erupted at the maximum measured gas velocity. Conversely, FC16 mud was collected on 19 September, when the gas velocity was around 5 m s À1 . 
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The ascent velocity obtained from FC08 mud rheological properties (>1 m s À1 ) is consistent with the values found by Carapezza et al. [2015] for the gas phase. The very shallow provenance of large ballistics (<3 m) indicates that their size may record the terminal velocities of bubbles bursting at the surface. Visual observation of the mud fountain (see Movies S1 and S2 in the supporting information) suggests that the flow regime was separated; hence, the higher measured exit gas velocities can be attributed to bubbles rising faster than the mud. Large ballistic ejection was only observed during the early activity of Fiumicino mud volcano (Figure 1 ). As the eruption continued, water dilution (affecting mud yield strength) and decreasing gas flux are responsible for the absence of large clasts in the waning stage of activity (e.g., FC16).
In Figure 4b we show mud ascent velocities as a function of ballistic size computed for selected natural mud volcanoes of known rheologies. It appears that the control of water dilution on mud rheology well separates the calculated velocity fields at low Re. For large particles (and high Re), C D is much less influenced by viscosity, and all curves converge. Figure 4b could be used as a first-order approximation of mud ascent velocities in the absence of mud rheology data, knowing only the size of the largest erupted clast and mud water content.
Detailed monitoring of the evolution of mud eruptions, whether natural or induced, has been limited to a small number of eruptions. Instead, our assessment of past eruption dynamics relies on interpreting the products of the eruptions, leading to challenges similar to those posed at magmatic volcanoes. Our study of the small Fiumicino eruption complements the recent study of the much larger Lusi mud eruption in Indonesia [e.g., Mazzini et al., 2007 Mazzini et al., , 2009 Davies et al., 2008; Tingay et al., 2008; Manga et al., 2009] which may have been natural [e.g., Mazzini et al., 2007; Lupi et al., 2013] but possibly also the result of drilling [e.g., Manga, 2007; Davies et al., 2008; Tingay et al., 2008 Tingay et al., , 2015 as was Fiumicino. The large size of Lusi, discharge exceeding 100,000 t/d [Mazzini et al., 2007] , makes the characterization of transport processes and eruption dynamics [Vanderkluysen et al., 2014 ] difficult compared to Fiumicino where direct observation and sampling are possible.
Conclusions
The Fiumicino mud volcano was an ephemeral feature triggered by drilling to a depth of 40 m and intersecting a shallow reservoir of carbon dioxide. The mud erupted at the Fiumicino feature lies at the lower end of the continuum of rheological mud properties described by Herschel-Bulkley behavior for other mud volcanoes around the world.
Our laboratory measurements allowed us to compute the mud ascent velocity and show that the measured properties of erupted materials (from mud to large clasts) can be used to characterize eruption dynamics in the absence of direct observation of the eruption. This is particularly relevant for hazard evaluation of mud volcanoes, as it allows the combination of data derived from stratigraphy, such as the maximum dimensions of outsized clasts, with the properties of the erupted or erupting mud to define the maximum expected scenario. Such studies are largely lacking for mud volcanoes, in particular for those that are important tourist attractions, and nevertheless mostly lack safety guidelines and contingency planning.
